at core pressures is crucial for understanding the seismological observations, such as the low attenuation of seismic waves, the low shear-wave velocity 7, 8 and the anisotropy of compressional-wave velocity 9±11 . The density and bulk modulus of hexagonal-close-packed iron have been previously measured to core pressures by static 12 and dynamic 13, 14 methods. Here we study, using radial X-ray diffraction 15 and ultrasonic techniques 16 , the shear modulus, single-crystal elasticity tensor, aggregate compressional-and shear-wave velocities, and orientation dependence of these velocities in iron. The inner core shear-wave velocity is lower than the aggregate shear-wave velocity of iron, suggesting the presence of low-velocity components or anelastic effects in the core. Observation of a strong lattice strain anisotropy in iron samples indicates a large (,24%) compressionalwave anisotropy under the isostress assumption, and therefore a perfect alignment of crystals 6 would not be needed to explain the seismic observations. Alternatively the strain anisotropy may indicate stress variation due to preferred slip systems.
Two radial X-ray diffraction (RXD) experiments (runs 1 and 2; see Fig. 1 ) were performed with diamond cells. Non-hydrostatic stress, a condition essential to the technique, was deliberately produced in the specimen by not adding a pressure medium. The stress state of the specimen compressed between two anvils is a superposition of the hydrostatic pressure
and the differential stress components
where j 3 and j 1 are axial and radial stresses, respectively 17 . A microfocus (4±10-mm diameter) polychromatic X-ray beam, which passed through the Be gasket in the radial direction, probed the lattice strain of the sample as a function of the angle (w) to the diamond-cell axis 15 . where the intercept d P (hkl) denotes the d-spacing under j P , and the slope Q(hkl) is the lattice strain under the uniaxial stress condition 18, 19 . In run 1, a separate gold layer was used as a standard for determination of t and shear modulus G of h.c.p. Fe. The axial stress is continuous across the interface between the gold and iron layers (j 3Au j 3Fe ; subscripts denote the Au or Fe layer), that is t Fe 1:5j 3 2 j PFe 1:5j PAu 2 j PFe t Au 4
Now, t is related to G by
where hQi denotes the average value of measured Q for all (hkl ) (ref.
15). The hydrostatic stress components, j PAu and j PFe , were determined from the observed d P (hkl ) (equation (3)) and the equations of state of Au and Fe (refs 20, 21) ; G Au was extrapolated from lowpressure data 22, 23 . The aggregate compressional-wave speed (v P ) and shear-wave speed (v S ) of h.c.p. Fe are calculated from the bulk modulus K Fe and G Fe . In addition (run 3), the aggregate ultrasonic letters to nature Table 1 Elasticity of h.c.p. Fe at 298 K and high pressures
. are obtained with radial X-ray diffraction (RXD) through a beryllium gasket. The subscripts A and B denote the sample and stress standard. The vertical scale of the sample region is expanded. In run 1, the specimen, which consisted of a 15-mm (thickness) layer of an iron sample and a 3-mm layer of a gold standard, was compressed in a 40-mm (diameter) hole in a beryllium gasket between¯at diamond anvils of 400-mm diameter. In run 2, the specimen consisted of a 5-mm iron and a 2-mm tungsten layer in a 15-mm hole in a Be gasket between bevelled diamond anvils (500-mm outer diameter, 90-mm inner diameter, 9.58 bevel angle).
The diamond cell was mounted on a rotation stage with the diamond anvil axis (A) perpendicular to the rotation axis (R) which bisected the 2v angle between incident and diffracted X-ray beams. The angle (w) between A and the diffraction vector (X) was varied as the diamond cell rotated around the R axis.
v P and v S of h.c.p. Fe are measured directly at 16.5 GPa in a multianvil press 16 . All experiments were performed at 298 K. The results from RXD (zero-frequency) and multianvil (ultrasonicfrequency) measurements are in good agreement, bracketing a wide frequency range including seismic waves. The observed K/G ratio of h.c.p. Fe is 2.7(60.7) from the RXD at 20±39 GPa, and is 2.68(6 0.1) from the ultrasonic measurement at 16.5 GPa. We extrapolate G Fe , t Fe , v P and v S to higher pressures based on a constant K/G of 2.7, and compare the results with theoretical, shock-wave 13, 14 and seismic values (Fig. 2) . The K Fe , G Fe , v P and v S predicted by ®rst-principles theory 6, 24 are higher than the present values at low pressures, but the difference diminishes at higher pressures. Temperature derivatives of v P and v S are estimated from the differences between the Hugoniot data at high temperatures and the present static data at 298 K, and are used for estimation of v P and v S of h.c.p. Fe under the inner-core conditions 25 (Fig. 2b) . The seismic v S of the inner core is lower than the 26 or partial melting, the observed shear values would tightly constrain the inner-core temperature near melting. The near-melting softening would also attenuate seismic waves. Alternatively, the observations may indicate the presence of additional low-v S phases in the inner core.
The RXD measurements also provide single-crystal elasticity information 15, 27 . Figure 3 shows that the Q(hkl ) reaches a maximum at a (100, 110) and c (002) axes that is more than double the minimum of the Q(hkl ) at the diagonals (112, 102, 103 ). This trend persists over the entire pressure range studied. The strong (hkl ) dependence of lattice strain re¯ects a strong elasticity anisotropy or an (hkl ) dependence of stress 18, 19 , which has little effect on the aforementioned estimates of averaged aggregate proprieties 15, 27 , but which gives information on single-crystal properties. Elasticity tensors and the orientation dependence of v p , v S1 and v S2 (subscripts 1 and 2 denote two polarization directions) are calculated from parameters in equation (6) (see Fig. 3 legend) at the isostress limit 15, 28 . Examples for h.c.p. Fe at 39 and 211 GPa are shown in Table 1 and Figs 2 and 4 , and compared with values from ®rst-principles theoretical predictions 6 . At 211 GPa (Fig. 3b) , theories predicted a small v P anisotropy (4% faster in the c than in the a direction) which requires a perfect alignment of h.c.p. Fe crystals (or a giant single crystal 6 ) to account for the 4% inner-core v P anisotropy. The present results obtained under the isostress assumption show a large v P anisotropy (24% faster at 458 from c than along either the a or the c axis), which relieves the`perfect alignment' textural constraint. Partial alignment of h.c.p. Fe crystals would be suf®cient for the magnitude of inner-core anisotropy.
The isostress assumption for interpreting the data observed with our method has been con®rmed experimentally for cubic phases of FeO and Fe (refs 15, 27) . Its validity remains to be tested for hexagonal crystals. A strong (hkl ) dependence of t (that is, nonisostress) in the polycrystalline specimen may partially or fully account for the observed lattice strain anisotropy. Consequently the elasticity tensor can no longer be uniquely determined, but is only partially constrained by the lattice strain anisotropy in equation (6) with trade-offs among the values of the C ij and textural parameters. For example, development of the basal-plane slip texture common in h.c.p. metals 28 could conceivably lower the t of grains with their c axis at 458 orientation. In such a case, the present observations at ultrahigh pressures, combined with elastic anisotropy information from theoretical estimates or single-crystal ultrasonic measurements at lower pressures, would yield rheological information on single-crystal strength anisotropy and polycrystalline¯ow textures. Such information would affect our estimates of both elastic and anelastic anisotropies in the core 29 . Much information on bulk properties at high temperatures and pressures, and single-crystal elasticity and strength anisotropy, may be obtained by integrating techniques complementary to the threedimensional RXD measurements reported here. These include ultrasonic studies, which provide accurate and direct determination of velocities below 20 GPa, hydrostatic X-ray diffraction, which provides lattice parameters and bulk moduli to multimegabar pressures, shock-wave experiments, which determine bulk elasticity along the high pressure-temperature Hugoniot, and ab initio calculations, which provide independent determinations of elasticity. The present integrated study reveals that the elasticity of the Earth's inner core may represent the low shear modulus of h.c.p. Fe close to melting, or the existence of additional components with low shear-wave velocities but similar density to Fe. As well as perfectly aligned h.c.p. Fe, more complicated textures should be considered, including partial alignment of these phases. The disposable soma theory on the evolution of ageing states that longevity requires investments in somatic maintenance that reduce the resources available for reproduction 1, 2 . Experiments in Drosophila melanogaster indicate that trade-offs of this kind exist in non-human species 3±7 . We have determined the interrelationship between longevity and reproductive success in Homo
